For the first time, pachytene chromosomes have been used for micro-dissection, amplification and cloning using the short arm of maize chromosome 6. For this purpose, methods for the preparation of unstained pachytene chromosomes were developed. In two separate experiments, 10 and 12 segments of the satellite region were isolated utilizing glass needles and DNA was amplified by linkeradaptor-PCR. After amplification, maize-specific DNA was verified by genomic Southern hybridizations. Chromosomal in situ suppression hybridization confirmed that the adaptor PCR products originated from the micro-dissected 6S region. The adaptor PCR products were cloned into a plasmid vector and the chromosome region-specific libraries were characterized.
Introduction
Genomes of many important crop species are rather large (e. g. Zea mays L., approximately 3000 Mbp) in comparison to model species such as Arabidopsis thaliana (approximately 100-150 Mbp) (Galbraith et al., 1983) . Unless specific DNA probes are available, isolating genes for traits of interest is difficult due to the large excess of genomic DNA and is hampered by repetitive DNA sequences. Reducing the total amount of DNA to the fraction most likely to contain the relevant gene would greatly enhance the efficiency of obtaining genes or coupled molecular markers.
One way to approach this problem is by chromosome micro-dissection, cloning of micro-dissected DNA, and generating DNA libraries specific for chromosome segments (Kao and Yu, 1991) . For this purpose, chromosome segments have to be identified, micro-dissected and isolated from chromosome spreads of cells. This minute amount of DNA is amplified by PCR-based techniques and cloned into a bacterial vector. These clones may be used as molecular probes for marker-assisted selection (MAS) and/or in isolating specific genes. Identification of specific chromosomes for micro-dissection is difficult in many plant species. Previously, this was achieved by choosing plants with chromosomes bearing prominent morphological features -for example, large somatic chromosomes (Pich et al., 1994; Fukui et al., 1992) , monosomic lines (Jung et al., 1992; Vega et al., 1994) , tritelosomic lines (Schondelmaier et al., 1993) or species with B-chromosomes (Sandery et al., 1991; Houben et al., 1996) . The smallest size of chromosome fragments obtainable is determined by physical constraints of the dissecting equipment. Typically, micro-dissection has been carried out on mitotic or meiotic metaphase chromosomes. They are relatively short and in a highly condensed state. Resulting segments still contain excessive quantities of DNA. Libraries generated from human metaphase chromosomes encompass segments of at least 10 Mbp (Lü decke et al., 1989) . In maize, pachytene chromosomes are approximately 10 times longer than those in mitotic metaphase. Using the same micro-dissection equipment, a much smaller amount of DNA, i.e. of simpler genetic complexity, may be isolated from the same unit length of chromosome. Therefore, chromosome segment-specific libraries created by micro-dissecting pachytene chromosomes should contain one-tenth of the genetic complexity of a comparable library from metaphase chromosomes.
In maize, pollen mother cells (PMC) at the pachytene stage of meiosis can easily be isolated in large quantities from immature male flowers. Unstained spreads of pachytene chromosomes may be observed under phase-contrast optics thus avoiding the damage to DNA associated with conventional staining techniques. We selected the short arm of chromosome 6 to explore the use of pachytene chromosomes as a source of DNA for generating highresolution, chromosome-specific libraries. During prophase I of meiosis, the large nucleolus is attached to the nucleolus organizing region (NOR), allowing easy identification of chromosome 6 for micro-dissection. Furthermore, a gene of interest coding for resistance against maize dwarf mosaic virus (MDMV) was genetically mapped to this region (McMullen and Louie, 1989; Simcox et al., 1995) .
In this paper, we describe the development of techniques for micro-dissecting pachytene chromosomes of maize. Linker-adaptor (LA)-PCR was employed to amplify segments of chromosome 6S. It was demonstrated that the DNA sequences of the PCR products originated from chromosome 6S by chromosomal in situ suppression (CISS) hybridization (Lichter et al., 1988) . The PCR products were cloned to generate a segment-specific DNA library.
Results

Preparation of maize pachytene chromosomes
The DNA of chromosomes is prone to degradation during the preparation of microscopic slides. The following steps were taken to avoid depurination of DNA. Anthers were fixed in 70% ethanol. Fixed material may be stored at -20°C for at least six months without substantial decay in the quality of chromosome preparations. However, the best quality of chromosome preparations was achieved when anthers were fixed just prior to the experiment. The spreading procedure was modified to use very short times of exposure to acetic acid. The identification of pachytene chromosomes was dependent on the successful spreading during squashing of PMC. Unstained, air-dried pachytene chromosomes may be observed through phase-contrast optics ( Figure 1a) . The short arm of chromosome 6 could easily be distinguished because of the attached nucleolus and the prominent chromomeres on the satellite. However, chromosome identification was not restricted to chromosome 6 (data not shown).
Micro-dissection and micro-amplification of pachytene chromosomes
By modifying procedures for chromosome preparation, we were able to generate samples that could be used for micro-dissection. In two independent experiments, the satellite region of pachytene chromosome 6 was microdissected. Figure 1 (b,c) shows the short arm of pachytene chromosome 6 before and after isolating the satellite and the NOR region. Ten segments including the whole satellite, the NOR region, and the nucleolus were isolated in the first experiment (C6.1). In a second experiment (C6.2), 12 segments were isolated and collected including the NOR heterochromatin and the satellite (excluding the nucleolus). PCR amplification of the chromosome segments yielded products of a similar size range (200-1200 bp) (Figure 2a, C6.2 not shown). Genomic DNA of Pa405 and one specific DNA fragment (MboI-digested human DNA) were used as positive controls during all stages of the micro-amplifica-tion procedure (see Figure 2a , lanes 3-6). As a negative control for monitoring possible contamination with DNA, one sample containing no template DNA was amplified. This sample consistently produced amplification products comparable in size to those of chromosome segments or genomic DNA, respectively ( Figure 2a, lane 2) . However, only PCR products generated from reaction mixtures containing chromosomal template DNA or maize genomic DNA (Figure 2a, lanes 1, 3, 5 and 10) hybridized to labeled genomic DNA of inbred line Pa405 (Figure 2b ).
CISS hybridization
After micro-dissection and amplification of chromosomespecific DNA, it is essential to relocate its origin. CISS hybridization is a powerful tool for physically relocating DNA probes. LA-PCR products originating from 10 or 12 micro-dissected chromosome segments were labeled with biotin by re-amplification of an aliquot of the initial PCR products. Partially DNase-digested, unlabeled genomic maize DNA (genotype A188) was used as a competitor. Under these conditions, PCR products of the two independent experiments hybridized to the short arm of mitotic chromosome 6 (Figure 3a , C6.1; Figure 3b , C6.2) confirming the source of the DNA. Initially, in experiment C6.1, fluorescence signals were observed over all metaphase chromosomes, with strong emphasis on the satellite. Non-specific hybridization was suppressed by adding 1 µg maize DNA (Figure 3a) , resulting in labeling of the satellite region only. A further increase in the amount of competing DNA eventually reduced the satellite-specific signal (data not shown).
The amplification products of experiment C6.2 gave a slightly different hybridization pattern. Hybridization without competing maize DNA showed signals on chromosome 6 and on three additional pairs of chromosomes (data not shown). A strong fluorescence signal was observed exclusively at the position of the NOR when 1 µg maize DNA was used for competition ( Figure 3b ). CISS hybridization unequivocally demonstrated that the source of the microdissected DNA from both experiments was located on the short arm of chromosome 6.
Cloning of PCR products and characterization of the libraries
The cloning of the PCR products resulted in 4 ϫ 10 3 and 4 ϫ 10 6 recombinant colonies per 100 µl PCR reaction mixture for experiments C6.1 and C6.2, respectively ( Table 1) . The length of the cloned DNA fragments ranged from 200 to 1200 bp with an average of 430 bp. A total of 369 clones of C6.1 and 300 of C6.2 were analysed by colony hybridization to identify clones with repetitive DNA-inserts by probing with genomic maize DNA. The C6.1 and C6.2 libraries contained 46% and 27% repetitive clones, respectively.
Libraries C6.1 and C6.2 differed in the proportion of clones with homology to rDNA sequences. Two of 339 clones (Ͻ 1%) of library C6.1 and 33 of 311 clones (10.6%) of library C6.2 hybridized to a probe of maize rDNA (pZmr1, McMullen et al., 1986) . The identity of one of these clones of library C6.1 was confirmed by DNA sequencing. Over its full length (278 bp), it was 100% identical to a portion of maize 17S rDNA sequence.
Inserts of clones that gave a negative hybridization signal with genomic DNA were isolated, and were screened by Southern hybridization for copy number and restriction fragment length polymorphisms (RFLP) ( Table 1) . From the total C6.1 library, 46% were repetitive and 32.5% gave no signal to maize DNA by Southern hybridization. Of the total number of clones, 13% were single or low copy number and 2% of the clones exhibited useful, low copy number polymorphism when screened against Tx303 and CO159 digested with EcoRI and HindIII. Similar hybridization patterns suggested that some inserts might be repeated two to four times in the library. Further screening of 14 non-polymorphic clones on DNA of six inbred lines digested with eight enzymes confirmed the largely nonpolymorphic nature of clones in this library.
Of the seven apparently polymorphic clones, three identified secondary loci that mapped to various chromosomes. The only single-copy polymorphic clone mapped to chromosome 9. These loci are designated klp on the 1996 UMC maize RFLP map (Maize Database at http://www.agron.missouri.edu).
Of the 218 non-repetitive clones of library C6.2, 47 were tested for copy number and possible RFLP. Of these, 44 gave no or a weak signal to maize DNA by Southern hybridization, and three single-copy polymorphic clones were identified, of which two gave identical hybridization patterns. The map position of these clones has not yet been determined. 
Discussion
Maize pachytene chromosomes were evaluated as possible targets for micro-dissection, cloning and the generation of high-resolution segment-specific libraries. The data presented show for the first time the successful micro-dissection, amplification and cloning of segment-specific DNA of maize pachytene chromosomes. We selected maize pachytene chromosomes for microdissection for the following reasons.
(1) Pachytene chromosomes are more than 10 times longer than somatic chromosomes. Thus the genetic complexity contained in a dissected pachytene chromosome segment is only ™ 10% (0.5-1 Mbp) of an equal-sized fragment of a metaphase chromosome. Previously, estimates of the resolution obtainable by micro-dissection ranged between 0.1 and 0.2 Mbp for the specialized polytene chromosomes of Drosophila (Scalenghe et al., 1981) For evaluating the use of pachytene chromosomes, we chose chromosome 6 of maize which is easy to identify.
Only minute quantities of DNA are available after microdissecting chromosomes. This chromosomal DNA must be of good quality to successfully conduct all further steps. The quality of this DNA is critically dependent on the pretreatment, i.e. fixation of plant tissues, acid treatment and staining procedures. During these steps, chemical alteration of the DNA may occur. Therefore, we prepared unstained, dried specimens of pachytene chromosomes similar to Shen and Wu (1989) . After substituting the fixation solution with 70% ethanol and exposing PMC to acetic acid as briefly as possible, the chromosome spreads remained suitable for micro-dissection and amplification of segment-specific DNA. Furthermore, the quality of the chromosome spreads was dependent on the maize genotype. For instance, chromosomes were typically not fully separated in chromosome spreads of the virus-resistant genotype Pa405. Therefore, identification of all 10 bivalents was not possible in every chromosome spread. However, well-spread chromosomes were obtained in genotype KYS (data not shown), known for its superior cytological features (Dempsey, 1994) .
The PCR products were generated from isolated chromosome segments by a modified linker-adaptor-mediated PCR. It was verified by Southern hybridization with radiolabeled genomic maize DNA that amplification products originated from maize DNA. Controls without any template DNA also exhibited amplification products. However, these PCR products did not hybridize to maize DNA. Non-specific amplification seems to always occur in this type of LA-PCR (Ponelies, personal communication). Contamination of enzymes with bacterial DNA could be responsible for this observation (own unpublished data and Meltzer et al., 1995) . In this case, these products will be generated in any sample with an efficiency depending on the total amount of template DNA. In addition to the short insert length of several clones and possible depurination of DNA during chromosome preparation, those PCR products might have been one reason for the high proportion of clones giving no signal in Southern hybridization to genomic maize DNA. The number of those clones might be lowered in subsequent libraries by using DNA-free enzyme preparations or a lower enzyme concentration.
Chromosome specificity of LA-PCR products from microdissected pachytene chromosome 6S was confirmed by CISS hybridization as previously used to map complex genomic probes from flow-sorted human chromosomes (Lichter et al., 1988) . This is the first report of successfully using CISS hybridization to relocate the origin of PCR products from micro-dissected pachytene chromosomes. Chromosome segment-specific libraries resulting from cloning of micro-dissected human chromosomes were used for painting the micro-dissected region (Lengauer et al., 1991) . Human chromosome 6 was labeled by 14 subregion-specific PCR probes obtained from micro-dissection . Only two reports have previously shown successful chromosome-specific painting with complex PCR products originating from micro-dissected plant chromosomes. In one case, chromosome 5BL of wheat was isolated from mono-isosomic 5BL lines (Vega et al., 1994) and amplified by degenerated oligonucleotide primer PCR (DOP-PCR) (Telenius et al., 1992) . The products hybridized without competition to chromosome 5BL and to two additional bivalents. In the other case, B-chromosomes of rye were isolated and amplified by DOP-PCR . The PCR products from the terminal heterochromatic parts of B-chromosomes labeled preferentially these heterochromatic parts of the B-chromosomes. In addition, small areas of some A-chromosomes were labeled to lower intensity. However, PCR products obtained from the complementary part of B-chromosomes generated a dispersed signal on all chromosomes.
We were able to relocate the PCR products from two different experiments from maize pachytene chromosome 6S to the short arm of mitotic chromosome 6 by competing non-specific hybridization with genomic maize DNA. It was interesting that PCR products cloned in the first library (C6.1) did not paint the NOR, although the isolated chromosome segments included part of the NOR heterochromatin. The hybridization signal generated by the LA-PCR products of C6.2 painted the NOR region on 6S and the pattern was comparable to a signal obtained by an rDNA probe of wheat (pTa71, Gerlach and Bedbrook, 1979 ; data not shown). These results are consistent with the data obtained after screening the libraries C6.1 and C6.2 for the portion of clones with homology to maize rDNA sequences. In the C6.1 library, less than 1% (2 of 339) of the analyzed clones were of ribosomal origin compared with about 10% (33 of 311) in library C6.2. It is possible that the amount of rDNA sequences in the biotin-labeled sample of C6.1 was too small to detect the NOR, and conversely that the specific signal of C6.2 might have been caused by an over-representation of rDNA sequences in these PCR products. Hybridization of the PCR products of C6.1 did paint the whole satellite region but excluded the NOR. So far, we have been unable to elucidate whether this signal was generated by a high number of different unique or region-specific dispersed repetitive sequences. However, it is still difficult to obtain fluorescence in situ hybridization signals in plants using probes with unique sequences of a length of only a few hundred base pairs (Jiang and Gill, 1994) . On the other hand, no chromosome arm-specific dispersed repetitive sequences have been reported so far (Fuchs et al., 1996) .
The maximum obtainable numbers of clones of the two libraries per 100 µl of PCR products were calculated to be 4 ϫ 10 3 (C6.1) or 4 ϫ 10 6 (C6.2). The high cloning efficiency of experiment C6.2 has also been achieved in subsequent experiments (data not shown). Previously, cloning efficiencies of PCR products of micro-dissected chromosomes ranged from 2 ϫ 10 4 (Jung et al., 1992) , 5 ϫ 10 5 (Chen and Armstrong, 1995) to 7 ϫ 10 5 (Kao and Yu, 1991) . Insufficient experience with handling pachytene chromosomes together with inferior quality of competent bacterial cells might have caused the lower efficiencies in the first experiment (C6.1). However, the quality of library C6.1 was comparable to that of C6.2. The insert size of cloned DNA was relatively large (average 430 bp), making them suitable for RFLP mapping. Similar results were obtained by Albani et al. (1993) and Chen and Armstrong (1995) , with an average of 650 bp. By combining a different enzyme with a linearized plasmid vector as adaptor, and using generalpurpose sequencing primers for amplification, a shorter average size of insert length of the cloned DNA was obtained (Jung et al., 1992; Schondelmaier et al., 1993) .
The quality of the generated clones as RFLP probes was demonstrated by mapping some to the UMC RFLP core map, although we were unable to determine the genomic location of the non-polymorphic single or low-copy clones. Mapping of non-polymorphic clones is possible only when nullisomic, monosomic or interspecific addition lines are available. Three clones of library C6.1 were mapped to secondary loci on chromosomes other than 6 as was one polymorphic single-copy clone. The mapping results appear to be in contrast to the data obtained by in situ hybridizations. The results of the CISS hybridization clearly demonstrated that a substantial fraction of the clones must have originated from chromosome 6S.
Furthermore, the number of polymorphic clones of library C6.1 and C6.2 was very low. Only 2-5% of the total library clones were polymorphic, which is comparable to the 3.6% reported from micro-dissection of chromosome 1HS of wheat (Schondelmaier et al., 1993) . Whether the cause(s) of the low levels of polymorphism was the result of the methodology for generating the library or the particular segment of the genome (chromosome 6S) analyzed is not clear. Analysis of libraries derived from other chromosome segments will be conducted to determine whether the occurrence of non-polymorphic clones is unique to chromosome 6 or is a more general phenomenon associated with micro-dissected libraries from maize. These points must be successfully addressed in maize before microdissection could become a general approach for generating segment-specific DNA probes for mapping. We plan to physically locate RFLP markers for generating additional physically overlapping libraries of the short arm of pachytene chromosome 6 leading to clones useful for isolating the gene mdm1 (coding for resistance to MDMV).
The high resolution obtainable by micro-dissecting maize pachytene chromosomes could provide a valuable tool for physically mapping of chromosomes as well as isolating genes. Currently, additional genotypes of maize carrying other agronomically important traits, i.e. insect resistance, are being employed to evaluate this technique further.
Experimental procedures
Preparation of pachytene chromosomes
Seeds of a virus-resistant maize genotype Pa405 were kindly provided by M. Lee (Iowa State University, Ames, USA). Maize was grown under greenhouse conditions (21°C, 16 h light, 34 kLux). Immature tassels were harvested from 8-to 10-week-old greenhouse-grown plants and pollen mother cells (PMC) were isolated according to Burnham (1982) . PMC development is synchronized in the three anthers of one flower until metaphase I. Therefore, one anther of a spikelet was analyzed to determine the stage of meiosis. When PMC at pachytene were found, the remaining two anthers were fixed in 70% EtOH at 4°C for 16 h and stored at -20°C.
Chromosomes were prepared according to a modified protocol of Shen and Wu (1989) . In brief, the narrow end of one anther was opened, PMC were squeezed out into a 10 µl drop of acetic acid (45%) placed on a slide (large cover glass, 24 ϫ 40 mm) utilizing forceps and dissecting needles. A cover glass (22 ϫ 22 mm) was added, and chromosomes were released from the cells by gently tapping the cover glass (under visual control using a binocular microscope). This procedure lasted 30-60 sec, then slides were frozen on dry ice. The cover glass was flipped off with a razor blade, samples were washed with ethanol/acetic acid (3 vol. plus 1 vol.) for 10 sec, followed by 10 sec in 96% ethanol, and air dried.
Micro-dissection and isolation of unstained pachytene chromosomes
Pachytene chromosomes were dissected and isolated utilizing siliconized glass needles driven by a mechanical micromanipulator (Bachofer, Germany). The needles were shaped on a microforge (Bachofer, Germany). Segments were collected in 0.1 µl sterile GP-buffer (0.025 M Na 2 HPO 4 , 50% glycerol, all solutions prepared in double-distilled water) and placed on a siliconized cover glass (24 ϫ 40 mm).
Linker-adaptor-PCR
Isolated chromatin was treated with 5 µl proteinase solution (2.4 mg ml -1 proteinase K (Boehringer, Germany), 0.5% SDS in TE buffer, pH 7.5) on the cover glass carrying the collection droplet, and incubated in a moist chamber at 37°C for 1.5 h. The sample was transferred to a 0.5 ml tube and extracted three times with an equal volume of TE-saturated phenol/chloroform (1:1). DNA was micro-dialyzed against TE buffer (pH 8.0) and digested with restriction endonuclease MboI (Life Technologies, Germany) in a volume of 10 µl (according to manufacturer's instructions). After heat-inactivation of the restriction enzyme, double-stranded MboIlinker adaptors (Johnson, 1990) were ligated to the entire sample using T4 ligase (Life Technologies, Germany; 0.5 ϫ T4 ligase buffer, 15 µl final volume; 15°C, 12-16 h). The entire sample was transferred into the reaction mixture for PCR amplification (100 µl final volume, 1 ϫ PCR buffer (Pharmacia, Germany); 0.25 mM each dNTP (Boehringer, Germany); 50 pmol Mbo20-primer (Johnson, 1990) ; 2.5 units Taq polymerase (Pharmacia, Germany)), overlaid with 100 µl mineral oil. After an initial denaturation at 95°C for 4 min, amplification was performed for 40 cycles (94°C for 1 min; 45°C for 1.5 min; 72°C for 2 min), followed by a final elongation step at 72°C for 5 min. Aliquots (25 µl) of the PCR products were separated by electrophoresis (1.5% agarose, 1 ϫ TBE buffer, 14 V cm -1 , 30 min).
Southern hybridization
DNA was transferred onto nylon membranes (Hybond N, Amersham Buchler, Germany) and crosslinked by UV-irradiation (UVStratalinker 2400, Stratagene, Germany). Genomic DNA (1 µg) of the inbred line Pa405 was labeled by nick translation (nick translation kit, Life Technologies, Germany) with 50 µCi of [α-32 P]-dCTP (Amersham Buchler, Germany). Southern hybridization and washing steps were performed at high stringency (65°C, 40 mM NaPO4, 1% SDS) (Church and Gilbert, 1984) .
Somatic chromosome preparation for CISS hybridization
Slide preparation of mitotic root tip cells of maize followed a modified protocol (Jewell and Islam-Faridi, 1994; Pan et al., 1993) . After pre-treatment for 3 h (8-hydroxyquinoline, 0.04% w/v; DMSO, 0.03% v/v) root tips were fixed in 70% ethanol, meristems were washed (water, 2 ϫ 15 min; followed by 75 mM KCl, 7.5 mM EDTA, 2 ϫ 15 min) and digested in enzyme solution (2.5% cellulase Onozuka R-10, 2.5% Pectolyase Y-23, 75 mM KCl, 7.5 mM EDTA, pH 4.0; 37°C, 1 h 15 min). After removing the enzyme solution, meristems were washed three times with water. Then a single meristem was placed on an ethanol-washed slide into a droplet of freshly prepared fixative (3 vol. ethanol, 1 vol. acetic acid). The meristem was macerated and spread over the slide using fine forceps. An additional drop of fixative was added to remove cell debris.
CISS hybridization and detection
Adaptor PCR products were labeled with biotin-14-dATP in a successive PCR and used as probes for FISH (fluorescence in situ hybridization). Aliquots of 2.5 µl of each sample of adaptor PCR products were re-amplified separately for 35 cycles (94°C for 1 min; 55°C for 1 min; 72°C for 1.5 min), with an initial denaturation (95°C for 4 min) and a final elongation step (72°C for 5 min). PCR components were (final concentrations): 1 ϫ PCR buffer (Pharmacia, Germany); 0.1 mM of each dTTP, dGTP, dCTP; 0.06 mM dATP (Boehringer, Germany); 0.04 mM bio-14-dATP (Life Technologies, Germany); 50 pmol Mbo20-primer; 2 units of Tth polymerase (Pharmacia, Germany), adjusted to 100 µl with sterile water, and overlaid with 100 µl mineral oil. Five microlitres of the re-amplification products were analyzed by agarose gel electrophoresis to estimate the DNA concentration. Probe preparation and precipitation followed previously described methods (Boehringer Mannheim, 1996; Lichter et al., 1988) . Ten microlitres of the biotinylated PCR products were mixed with 0.9 µg yeast tRNA, 0.9 µg sheared herring sperm DNA, and varying amounts of competitor DNA (DNase-digested genomic maize DNA, genotype A188), with an average molecular size of 500 bp. The mixture was ethanol-precipitated (0.3 M sodium acetate, 65% ethanol, final concentration) at -80°C for at least 1 h. Pellets were resuspended in 20 µl of hybridization solution (2ϫ SSC, 50% deionized formamide, 10% dextran sulfate), denatured at 75°C for 10 min, incubated for re-annealling with competitor DNA at 37°C for 1.5 h, and used as a probe for a single slide. Simultanously, samples (3-14 days old) were fixed (4% (w/v) paraformaldehyde, 20-25°C, 10 min), washed in 2ϫ SSC (three times, 20-25°C, 2 min each), denatured (70% formamide, 2ϫ SSC, 70°C, 2 min), dehydrated in steps of increasing concentration of ice-cold ethanol (70%, 90%, 100%, 5 min each), and air-dried. Probes were applied to the denatured preparations, covered with an ethanol-washed cover glass (24 ϫ 40 mm), and slides were incubated in a moist chamber (37°C, at least 14 h). After hybridization, washes were performed as follows: 2ϫ SSC (40°C, 2 ϫ 5 min), 50% formamide, 2ϫ SSC (40°C, 10 min), 2ϫ SSC (40°C, 2 ϫ 5 min, last step cooled to 20-25°C in 5 min), 2ϫ SSC (20-25°C, 5 min), and briefly 4ϫ SSC, 0.1% Tween-20. The blocking, detection, washing and signal amplification procedures followed Lichter et al. (1988) , except that all washing steps were performed at 37°C. Detection of the biotinylated probes was achieved using fluorescein isothiocyanate (FITC)-conjugated avidin DCS (5 µg ml -1 , Vector Laboratories, USA). The FITC signal was amplified by incubation with biotinylated goat anti-avidin D antibodies (5 µg ml -1 , Vector Laboratories, USA), followed by washing, a second round of detection, and a final washing step. Preparations were mounted in 30 µl mounting medium (VECTASHIELD ® , Vector Laboratories, USA) containing 1 µg ml -1 propidium iodide (PI). Specimen were visualized using an inverted microscope (Axiovert, Zeiss, Germany) equipped for FITC and PI epifluorescence. Photographs were taken with Kodak Elite 400 films.
Cloning and characterization of PCR products
PCR products were extracted twice with an equal volume of phenol/chloroform (1:1), microdialyzed against TE buffer (pH 8.0) for 45 min, and digested with MboI (37°C, 1 h). Adaptors were removed by gel electrophoresis. PCR products were extracted from the gel by electro-elution into dialysis tubing (Servapor 16 mm, Serva, Germany), ethanol-precipitated, and ligated into linearized, dephosphorylized vector (pBluescript, Stratagene, Germany). An equivalent of 1/20 of the initial 100 µl PCR reaction mixture was used for transforming competent cells (E. coli, DH5α Max Efficiency, Life Technologies, Germany) following the manufacturer's instructions. The number of resulting recombinant colonies was used to calculate the maximum obtainable number of clones per 100 µl of PCR products.
Characterization of PCR generated clones
Identification of clones containing moderate to highly repetitive DNA was performed by colony hybridization with radiolabeled genomic maize DNA (Grunstein and Hogness, 1975) . Plasmid DNA was prepared by alkaline lysis and inserts isolated for clones that were negative when probed with genomic DNA. Insert DNA was labeled by random priming and hybridized to filters containing genomic DNA of the inbred lines Tx303 and CO159 digested with EcoRI and HindIII. Polymorphic probes were hybridized to mapping filters containing DNA from 56 individuals of a mapping population (Gardiner et al., 1993) .
Only very low levels of polymorphism were detected on the two-inbred line, two-enzyme screening filters. In an attempt to detect additional polymorphisms, 14 clones that gave low copy number, non-polymorphic patterns between Tx303 and CO159 digested with EcoRI and HindIII were hybridized with screening filters containing six inbred lines (A619, A632, B73, Mo17, Tx303 and CO159) digested with eight enzymes (BamHI, BglI, DraI, EcoRI, EcoRV, HindIII, SstI and XbaI) to provide a better test for polymorphism.
Preventive measures against DNA contamination of PCR
Plasticware, buffers and stock solutions (except nucleotides, primers and Taq polymerase) were irradiated with UV light (260 nm wavelength; 6 ϫ 15 W, 30 min). Droplets (100 nl) for collecting chromosome segments were treated in the same way. The microscope used for isolation of chromosome segments was kept in a sterile hood. PCR experiments were set up in a sterile hood dedicated for this purpose, placed in a room separated from other DNA work.
